Lecture 2: Hyperon Production
and Spin Dynamics

PANDA lecture week, December 11-15, 2017

Karin Schonning, Uppsala University
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Summary of lecture 1

Hyperons serve as a diagnostic tool for questions like
— Why and how quarks are bound into hadrons?
— How is mass generated by the strong interaction?
— Matter-antimatter asymmetry of the Universe?

Degrees of freedom unclear in processes involving
strange hyperons.

Spin observables powerful tool in testing models.

Strong and EM production allows polarisation
perpendicular to the production plane.

Polarisation extracted from decay angular distributions.
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The angular distribution is obtained by the trace

8% =Te(p™)

With an unpolarised beam and unpolarised taget this

becomes

[ 1 \

P ak, ok, Polarisation and
iCi}Em{k:-’::_?*}\ spin correlations:
+Czoakzk, -Depend on energy
+Cyp OOk K, and scattering

\ +C. ook ky ) angle.
- Independet of
decay.
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The angular distribution is obtained by the trace

8% =Te(p™)

With an unpolarised beam and unpolarised taget this

becomes

[ 1

—I—Pg—r.yﬁ% + Py
+C o Gk ok
+C,, aatkyk,
+C. ootk k-
+C 0otk k.

\ +Co 0otk ky

\
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Asymmetry:
- Decay related.
Independent on
energy and
scattering
angle.
- Depend on
decay.




= Spin observablesinpp - YY
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The angular distribution is obtained by the trace
15" = Tr(p"")

With an unpolarised beam and unpolarised taget this
becomes

(1 \
+Py  0tky + Py yok Angles/four
+Cyy OOtk ky \ vectors: me_asured
IEH{E}??ET f}} = 6;31'1 _|_ny&,&§ku In the experiment.
+C..aotk.k.
+C,, ik, k,

\ +C ook ky . )
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The polarisation depend on energy and angle, and different
models predict different dependencies.

Figure from Phys. Rep. 368 (2002) 119.



*. The EMFF phase and polarlzatlon
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This is very different from the cosh,

ete™ - YY where the angular dependence can be parameterised in
terms of electromagnetic form factors (EMFF’s)*

sin ?Hfm[(TE(OQ G (Q%)] /T
5 (Qz)\ (1 + cos? )

Pn_:—(

*Nuovo Cim. A 109 (1996) 241.
** hep-ph 1702.07288
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The singlet fraction can be defined as

1
SF = (L+C, ~C,, +C,)

The PS185 experiment found that AA are almost exclusively produced in
a spin triplet state*.
*PRC 54 (1996) 1877



Subsequent hyperon decays

Consider a hyperon decaying into another hyperon, e.g. = —Arm.

Spinwise this can be described as

~>-0--00

2 2

In this case we have two decay matrices, denoted T; and T,.

X

(1",
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Subsequent hyperon decays

Consider a hyperon decaying into another hyperon, e.g. = —Arm.

Spinwise this can be described as

Z520--00
2 2 2

In this case we have two decay matrices, denoted T; and T,.

p The joint angular distribution
IS given by

& o I = Tr(T,TypTI T

(1",
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. SpIn observables for spin - hyperons
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By calculating the trace Tr(T,TypT{T,)
and integrating over the intermediate hyperon angles, the proton
angular distribution is given by

1 1 - i
[(60p, Pp) = ym (1 +azapcosth + Sonky sin 6p(8= cos ¢p + = S'nﬁbp))
p

X




== SpIn observables for spin - hyperons

By calculating the trace Tr(T,TypT{T,)
and integrating over the intermediate hyperon angles, the proton
angular distribution is given by

1 1 - i
[(60p, Pp) = ym (1 +azap Costp + SanPysin Op(B= COS Pp + 7= Sin ‘»”bp))
p
- In this way one can
extract 3 and vy !
o
I

(1",
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. SpIn observables for spin - hyperons
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The Q hyperon is more complicated.

* Spin % : 3 polarisation parameters: r %, rstand r,t - (P,, Py and P,)

.3 L
« Spin Z: 15 polarisation parameters: r_%, rgt, rt, 1,2, 142 rg?, 142, 1,2, r.33,
r3,r3, 3 r3 r,2andrgd
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Density matrix:

S

. S

—. Spin observables for spin > hyperons

. 3 . .
* Spin o 15 polarisation parameters: r 1, rot, rod, 1,2, 1,2 rg?, 3, r,2,

ra3, ro3, r 3,3 rd r,3and rgd,

1

Strong production process — parity is conserved — 8 polarisation
parameters equal O.

Resulting density matrix p G):*

o]

1+\/§r§
3 i 3 1 2
re +;ﬁr_1 + V3]

\/§r22 + i\/§r3_2

; 3
ivVere 4

i3 A 2 i /6,3
rq +NVB8rg —iy/gre

1—\/§r§

f2‘f%r1_1 — i3 %r:3_1

2 ; 3
Va3rs —ivare ,

1

2 ; 3
\/§r2 — ;\/ﬁr_g

—i2\/gr1_1 + i3\/gri1

3

j—=—

V5

2
1—\/§r0

1 2, : /6,3
rly + V3 +ier

|
b
[8)]
_,

—f\/ﬁris
\/§r22 + i\/§r52

1 2 ; 3
Ly VB iy

1+\/§ré2

aio

* Erik Thomé, PhD thesis, Uppsala University (2012)
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. Spin observables for spin > hyperons

Consider the decay Q™ - AK~ - pn™ K™
Spinwise this is % — % 0- %O 0.
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Spin observables for spin 2 hyperons
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First, let’'s focuson Q™ - AK~, I.e. % - % 0.

Weak decay: parity conserving P-state and
parity violating D-state allowed. b

Amplitudes: T, and T)p,.
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. SpIn observables for spin - hyperons
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Angular distribution given by '°
3 3 1 S -
1(6,9) = TT(P(E)TTT(Q —50)

16, ) = Tr(p(3/2)TTT(3/2 — 1/20))

1 V3

3 . 3 .
= |1+ 5-(1-8cos?0)r — S sin® cos 2615 — S sin20cos o 17

[1 ¥
] | | .
+ 20 sin 6'(8\/15!’1_1 sing — 9v/10r° (3 + 5cos 26) sin ¢

—30(3r3, sin2¢sin 20 + V6r> ; sin 3¢ sin? 9))]
*Elisabetta Perotti, FAIRNESS (2017)
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. SpIn observables for spin - hyperons

UNIVERSITET

Using the method of moments, the 3 polarisation parameters r,?, r,?, ry? can
be extracted from the angular distribution of the A:*

< sinfy > = 312 (8 + ry2/3)

371'2

—Fr
321 T

< cos@pCOSOp > = —

< sin@yp > = i(Z + 1,?)

*Elisabetta Perotti,
FAIRNESS (2017)
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—. Spin observables for spin > hyperons

(sin 0 cos Pp) Four polarisation parameters can be
= / 1(0a, @ Op, dp) X sin oy cos ppdQpdSd, = determined from the joint angular

. . ..
 3r2aank%y) distributions of the A and the proton *:

1024
((3cosfp —1)singy)
= [I(HA. O p, Op) X (3costp — 1) sin dpdfac P
_ _ x
1/10
(sin ¢p)
| | = kR

—= [I[HA. On.Op, Op) X sin fflpdﬂﬁdgp = 0
_ "fr(ir ATYQ
160 4\/T‘+ //

(sin ¢p cos ¢p cos ¢y, /

= /I(HA. Pp- bp. Dp) X sin Op cos dp cos Ppdadi), =

_ T (, Wi *Erik Thomé, Ph. D. Thesis and
640 (J+ Elisabetta Perotti, FAIRNESS




. SpIn observables for spin - hyperons
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(sin o cos dyp) Furthermore:
— [I(HA. DA ﬁp, Dp) X 8In A cos (,?'JP(ITQA(I'-QP = Bﬂ < CGS(p >
: — P
3m2ap vk - = :
= — 1004 Ya <Slng0p >
((3costly — 1)singyp)

= [I(HA. DA ﬁp, Dp) X (3cosfp —1)sin (_.?')p(fQAt

_' WEI‘A"}"
_ Wi

(sin ¢p)

= [I(HA On.Op, Op) X sin r;)deAde = 0

T AYO
- 4@ .
160
(sin ¢p cos ¢p cos @)

= /'I(HA. Pp- bp. Dp) X sin Op cos dp cos Ppdadi), =

_ T‘éi&“ (5+ 4 | *Erik Thomé, Ph. D. Thesis and

Elisabetta Perotti, private communication




° Spin observables in pp = YY
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. Spin% hyperons (A, =, \) :

— Polarisation.

— Spin correlatlons and singlet fraction:
SF _—(1+C -C, +C,)

.3 : 1
e Spin > hyperons into spin > hyperons (Q—AK):

— 7 polarisation parameters + degree of polarisation.

L
d(p)= \ ) (ryy)?

L=1M=—L
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CP violation In hyperon
decays



©  CP violation in hyperon decays
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More matter than anti-matter in the Universe —why?

« As much matter/baryons as anti-matter/anti-baryons,
should have been created in the Big Bang.

(e
* Where did the anti-baryons go  ||#uete
("Baryogenesis”)? LQ

-

Seems to &
be abig }
d:fference

N\MTER

Picture from Virginia Tech



The Sakharov criteria:
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There must be processes that do not conserve baryon number.

There must be
processes that
violate CP-
symmetry

These processes
must have
occurred outside
thermal equilibrium

10-32 10-6 100 100 million 500 million 4 billion

second second seconds years years years

Cosmic  Protons Deuterium, First stars Current Star
inflation  form helium and form record holder formation
ends lithium are for earliest peaks

synthesized known galaxy
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The Sakharov criteria:

« There must be processes that do not conserve baryon number.

 There must be
processes that
violate CP-
symmetry

 These processes
must have
occurred outside
thermal equilibrium

10-32 10-6 100 100 million 500 million 4 billion

second second seconds years years years

Cosmic  Protons Deuterium, First stars Current Star
inflation  form helium and form record holder formation
ends lithium are for earliest peaks

synthesized known galaxy



©  CP violation in hyperon decays
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Standard Model CP violation too small to explain asymmetry

CP violation beyond SM never observed for baryons
(LHCDb observation within SM)

The pp - YY process suitable for CP measurements
(clean, no mixing)

If CPvalid,« = —a@ and = —f8

p
« CP violation quantified n
by e.g.:
4 =4<
a—ua

(1",



2 Previous measurements of pp - YY
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* A lot of data on pp — AA near threshold, mainly from PS185 at LEAR*.
 Very scarce data bank above 4 GeV.

* Only a few bubble chamber events on pp —
+ No data on pp — QQ nor pp — A A,

P—
=
D

[1]]

* See e.g. T. Johansson, AIP Conf. Proc. Of LEAP 2003, p. 95.



Time-line, hyperon physics with
PANDA

« PANDA physics from Day One:
— Single- and double strange hyperon spectroscopy.

— Spin observables of single- and double strange
hyperons.

* First years of PANDA:
— Triple strange hyperon spectroscopy.
— Polarisation parameters of Q.

« Long-term projects with high luminosity:
— Single charm baryon spectroscopy.
— Spin observables of A*,.
— CP violation in A and = decays.
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Questions for discussion

« Which decay asymmetry parameters of A, = and () are
known? Check the PDG and see what there is left to do!

 Why would PANDA be a good experiment for testing CP
symmetry in hyperon decays?

« What are the main challenges for testing CP symmetry
with PANDA?



G
UPPSALA
UNIVERSITET

Thanks to:

Stefan Leupold, Elisabetta Perotti,
Tord Johansson, Erik Thomé and
Walter Ikegami-Andersson.
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Spln observables for spln 1 hyperons

Method of Moments

The expectation value or the moment of a function g(x) can be written

() = [ g(x) f (x| )dx

< p where f(x|6) is a probability density function.
5 Example: A hyperon with polarisation P,, decaying into p . Then
dN
A f(0,|P)= cl+a,P cosd
T "7 " dcosé, A g
‘; and thus
P
<0030 )= _[ Tcos0 cosepd cos o, =j(1+ a, B, cosd )cosd dcosd = 05A3 1

which means that the polarisation can be expressed as Fn = a—<C03 0,)
A



